Introduction
The surgical approach to magnetic resonance imaging (MRI) negative temporal lobe epilepsy (TLE) is challenging due to the lack of a specific lesion available for resection and the uncertainty of the involvement of the mesial or lateral (neocortical) temporal lobe [1] . The rate of postoperative seizure freedom among patients with MRI-negative TLE reported in previous studies was varied, ranging from 16% to 56.4% [2] [3] [4] [5] [6] [7] [8] [9] . This variable seizure-free rate after surgery was largely due to the small numbers of patients and differences in the recruitment criteria, preoperative evaluations, surgical approaches, and follow-up duration. A pooled analysis of published studies between 1995 and 2010 showed that the proportion of seizure-free patients was 51% after temporal lobe surgery among patients with non-lesional TLE as defined by MRI, which is higher than the rate after epilepsy surgery among MRInegative extratemporal epilepsy patients (35% seizure-free) [10] . A diffuse rather than regional epileptic focus in MRI-negative TLE patients may contribute to the low seizure-free rate after surgery [1] .
Several studies have attempted to identify the prognostic factors for seizure-free outcome after surgery in MRI-negative TLE patients, including age, epilepsy duration, pathology, and fluorodeoxyglucose positron emission tomography (FDG-PET), single photon emission computer tomography (SPECT), scalp electroencephalogram (EEG), and intraoperative EEG results [2, 5, [7] [8] [9] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, further investigation is required due to the shortage of cases and the inconsistent and occasionally contradictory findings. Therefore, we performed a systematic review and meta-analysis of studies of MRI-negative TLE patients to identify the favorable pre-operative factors that may help to predict seizure control after surgery.
Methods

Search strategy and selection criteria
We performed a literature search of MEDLINE and EMBASE using a comprehensive search strategy that employed medical subject headings and text terms to identify studies on TLE patients who exhibited normal MRI results. The search strategy used for MEDLINE (PubMed) is described in Appendix A. We also searched the bibliographies of reviews [10, [24] [25] [26] [27] [28] [29] [30] , original articles, and book chapters [31] [32] [33] and consulted experts on MRI-negative TLE to identify additional studies. The searches were restricted to fulllength articles published in English from 2000 to the present.
In the literature review, a normal MRI result was defined as an MRI scan indicating no focal parenchymal abnormalities, hippocampal atrophy (with or without signal abnormalities), or abnormal blurring of the gray and white matter. The MRI protocol should at least include T1 weighted, T2 weighted and coronal FLAIR sequences and we also included patients evaluated by the institutional epilepsy MRI protocol. The articles were collected according to the following inclusion criteria: (a) studies included 5 patients of any age undergoing temporal lobe surgery; (b) seizure outcomes were quantitatively reported during the followup period; (c) preoperative evaluations were reported in association with seizure outcome; and (d) a description of the type of surgery was included. We excluded studies containing any overlapping patient populations from the same center.
Study selection, data collection and quality assessment
Multiple authors (X.W., W.H.H., and Y.W.) performed the literature search and screened the titles and abstracts. Two authors (X.W. and K.Z.) screened each abstract and selected the eligible articles for full review. The full texts were reviewed in duplicate (W.X. and C.Z.), and those studies that met our inclusion criteria were selected for the meta-analysis. Disagreements were resolved by reaching a consensus via a discussion that included a senior author (K.Z. or J.G.Z.) when necessary.
We extracted the study data, including the authors, the year of publication, the number of patients with MRI-negative TLE, the medical center or hospital at which the study was conducted, the study design, the gender distribution, the age at surgery, the age at first seizure onset, the epilepsy duration, lateralization, the PET, SPECT, scalp EEG, and invasive EEG findings, the surgical approach, pathology, and a lateral or mesial temporal lobe focus.
In the meta-analysis, both freedom from any type of seizure and an Engel class I seizure outcome were defined as seizure freedom. Due to a lack of sufficient studies comparing the seizure outcome between patients with normal and abnormal pathology, we defined a normal appearance or gliosis as negative pathology and other conditions, such as focal cortical dysplasia and hippocampal sclerosis (HS), were defined as positive pathology in accordance with the study by Wang et al. [34] . Separate metaanalyses were performed to identify significant associations of seizure freedom with different factors.
Publication bias was visualized using a funnel plot. At the level of individual studies, we assessed the risk of bias using the Newcastle-Ottawa Scale (NOS) in the domains of selection, comparability, and outcome. The NOS score (also termed stars) was categorized as 1-3, 4-6, and 7-9, which were classified as a low, medium, and high quality of evidence, respectively [35] .
Statistical analyses
The studies were the units of analysis. The heterogeneity between the studies was assessed visually using a forest plot and quantitatively using the I 2 index. The threshold of heterogeneity was set at I 2 50%. We used odds ratios (ORs) and corresponding 95% confidence intervals (CIs) to compare the pooled proportions of seizure freedom between the exposed and non-exposed groups. All meta-analyses were performed with Review Manager version 5.3 (Revman, The Cochrane Collaboration, Oxford, UK) with either a random-or fixed-effects model depending on the presence or absence of heterogeneity, respectively. Statistical significance was set at p 0.05.
Results
We identified 204 unique articles, 74 of which appeared to be relevant to the meta-analysis upon initial review. A total of 18 studies met our inclusion criteria for the systematic review and meta-analysis.
Study characteristics
All studies, which were predominantly performed in developed countries, collected data retrospectively. All studies followed up patients with a mean or median period of 1 year. The rate of seizure freedom after surgery among patients with MRI-negative TLE was primarily in the range of 40-60%. The sample sizes of the included studies ranged from 5 to 86 subjects, for a total of 391 participants. Table 1 summarizes the characteristics of the included studies and lists which factor(s) were analyzed in each study.
Factors predicting seizure outcome
Gender
The pooled rates of seizure freedom after temporal lobe surgery were not significantly different between the males and the females (58.7% vs. 51.1%, OR = 1.44, 95% CI = 0.86-2.41, p = 0.17, I 2 = 0) (Fig. 1A ).
Onset age and surgery age
No significant difference was observed in the seizure-free rate between individuals with an early seizure onset age (less than 18 years) and those with a late seizure onset age (older than 18 years) (43.4% vs. 50%, OR = 0.68, 95% CI = 0.22-2.08, p = 0.50, I 2 = 0) (Fig. 1B) . Next, we stratified the patients into an adult group (older than 18 years) and a pediatric group (less than 18 years) according to the surgery age. The meta-analysis showed no significant difference in seizure freedom between the adult and pediatric groups (OR = 1.09, 95% CI = 0.38-3.07, p = 0.88, I 2 = 0)
Epilepsy duration
A pooled analysis showed that the patients who presented with a shorter epilepsy duration (less than 20 years) before surgery exhibited a significantly higher rate of seizure freedom than those with longer epilepsy duration (OR = 2.57, 95% CI = 1.21-5.47, I 2 = 1%, p < 0.05) (Fig. 1D ).
Scalp EEG localization
A pooled analysis showed that a better outcome was significantly more common when the interictal scalp EEG demonstrated no extratemporal or contralateral epileptic discharges (OR = 3.38, 95% CI = 1.57-7.25, p < 0.05, I 2 = 0) ( Fig. 2A) . The same result was obtained from a pooled analysis of the ictal scalp EEG data (OR = 3.89, 95% CI = 1.66-9.08, p < 0.01,
PET localization
A pooled analysis showed that when FDG-PET was used for the pre-operative evaluation (whether hypometabolism was localized in the resected lobe), the results did not predict seizure freedom (OR = 2.11, 95% CI = 0.95-4.65, p = 0.06, I 2 = 0) (Fig. 2C ).
Independent mesial vs. lateral temporal lobe epileptic focus
Subdural EEG or stereoelectroencephalography were used to further distinguish between mesial and lateral TLE, except for intraoperative electrocorticography in one study [9] . Anterior temporal lobectomy (ATL) and amygdalohippocampectomy (SAH) are commonly used among these centers; neocortectomy was also used for lateral TLE [15, 17] , especially for dominant temporal lobe [15] ; multiple hippocampal transection was applied for mesial TLE in a report from Cleveland [22] . Seizure outcome after surgery was not significantly different between an independent mesial and lateral epileptic focus among patients with MRI-negative TLE (61.3% vs. 53.3%, OR = 1.39, 95% CI = 0.61-3.20, p = 0.43, I 2 = 8%) (Fig. 2D ).
Side of surgery
A total of 15 studies comprising 320 patients investigated the association between the side of the surgery and seizure freedom after surgery. No significant difference in the seizure-free rate was observed between right and left temporal lobe surgery (OR = 1.33, 95% CI = 0.84-2.08, p = 0.22, I 2 = 0) (Fig. 3A) .
Pathology
We summarized the pathology results from the studies of temporal lobe biopsies that included the lateral and mesial temporal lobe structures. A total of 92 patients were identified. Twelve exhibited evidence of hippocampal sclerosis, and 17 patients were identified to exhibit focal cortical dysplasia. No microscopic abnormality was identified in 17 patients. The most commonly identified pathology was gliosis (44/92). Overall, negative pathology was observed in more than half of these patients (61/92). A pooled analysis of the studies investigating the association between pathology and seizure outcome showed no significant difference in seizure freedom between the positive and negative pathology groups (OR = 1.36, 95% CI = 0.70-2.63, p = 0.36, I 2 = 6%) (Fig. 3B ). 
Bias analysis
Fig . 4 shows the funnel plots of the studies included in the meta-analysis for interictal EEG (Fig. 4A) , ictal EEG (Fig. 4B ) and epilepsy duration (Fig. 4C ). All studies in each studies were located inside the 95% CI with a roughly symmetrical distribution around the OR (vertical line), indicating a mild publication bias. All included studies were observational, and their NOS scores ranged from 4 to 6 stars, suggesting a medium quality of evidence.
Discussion
Previous studies have revealed that most lesional TLE patients exhibited a very favorable prognosis after ATL or SAH [36] [37] [38] .Clinically, although the semiology and EEG results indicate a temporal epileptic focus in patients, currently MRI studies may fail to detect any lesions. MRI-negative TLE is considered one of the main factors that predicts poor seizure outcome due to the technical difficulties involved in localizing and resecting the entire epileptogenic focus [2, 3, 8] . Therefore, we aimed to determine which prognostic factors could effectively predict favorable seizure control after surgery in the setting of normal brain MRI results.
Previous studies of TLE revealed that the males exhibited better postoperative seizure control than females [39, 40] , but no confirmatory explanations are available for this observation. A previous report hypothesized that physiological characteristics, such as pregnancy, menopause, and menstruation, may induce the activity of cytochrome P450 in the liver and may influence the levels of antiepileptic drugs after surgery [41] . However, based on the present meta-analysis, postoperative seizure control among patients with MRI-negative TLE was not significantly different between males and females.
In our study, we found no differences in seizure control after surgery between adult and pediatric patients or between patients with an early and late age of seizure onset. However, patients with a shorter epilepsy duration achieved better seizure control after temporal lobe surgery. As previous reports suggested [16, 42] , early surgical evaluation for drug-resistant TLE may yield better seizure control. There is concern that early surgical intervention could produce cognitive deficits, especially in patients with MRInegative TLE, who usually retain better cognitive function. Additional non-lesional tissue is unavoidably resected during surgery. Conversely, continued epileptic seizures and the use of antiepileptic drugs exert a negative effect on cognitive function. Furthermore, a secondary epileptogenic focus may be present in patients with an extended epilepsy duration. As a consequence, surgical intervention should be optimized to produce maximum seizure control at a minimum cognitive cost [44] . The more selective resection of the epileptic focus represents a greater challenge for the surgical invention of MRI-negative TLE.
FDG-PET is a useful tool for evaluating baseline brain glucose metabolism and localizing dysfunctional cortical areas in patients with focal epilepsy in vivo. FDG-PET has demonstrated 100% concordance with MRI-identified focal lesions with respect to the lateralization of the epileptogenic zone [43] . For patients with MRInegative TLE [43] , 84% were found to exhibit unilateral FDG-PET hypometabolism, and 90% of the patients exhibited concordance of the FDG-PET results with lateralized EEG findings. PET scans have been used to select a subgroup of TLE patients with normal MRI who exhibit better seizure control after surgery [45] . Our metaanalysis showed that PET abnormalities tended to provide predictive value of seizure control after surgery; however, its value was not significant. Although PET scans may help localize the epileptic focus, the hypometabolic region detected in PET scans was typically more extensive than the epileptic focus; thus, PET scans were unable to guide selective resection during surgery.In addition, the hypometabolic region detected via PET is not considered to be specific for pathological lesions in epilepsy patients [46, 47] . The underlying pathophysiology of FDG hypometabolism in the epileptogenic focus requires further investigation.
Clinically, epileptic discharges from the anterior temporal lobe serve as a strong indicator of TLE in patients with normal MRI results [5, 43] . In the present meta-analysis, both interictal and ictal epileptic discharges localized precisely in the temporal lobe could strongly predict seizure freedom after surgery among patients with MRI-negative TLE. Ictal EEG seizure patterns were previously categorized into three patterns [2, 7] : regular, well-modulated, 5-9 Hz, unilateral temporal and/or subtemporal rhythm (type 1); polymorphic slower (<5 Hz) rhythm displaying broader unihemispheric distribution (type 2); and diffuse irregular slowing of background activity (type 3). Clinical seizure activity was accompanied by the EEG finding of an interruption of normal background activity and, often, diffuse irregular slowing. An ictal rhythmic temporal theta at seizure onset, which has similar characteristics with Type I, also demonstrated a favorable outcome [5] despite normal neuroimaging results of the temporal lobe structures. Interictal epileptiform discharges in single anterior temporal lobe have been used as an indicator of TLE; these discharges may reflect the pathophysiology of the underlying substrate [48] . Approximately 25% of patients evaluated for temporal lobectomy have independent bitemporal interictal spike and sharp waves on scalp EEGs, which, however, do not necessarily mean bilateral epileptogenic focus capable of generating spontaneous interictal discharges [49] . Previous studies showed that more than 90% lateralization of temporal epileptiform discharges on interictal EEG was found to be a reliable indicator of good seizure outcome following ATL [50, 51] . None of the included studies demonstrated a positive correlation between interictal epileptiform discharges limited in temporal lobe and favorable postoperative seizure outcome. However, the findings of the pooled analysis demonstrated such a positive relationship. The negative findings of previous studies may be due to their small sample size. Well-localized epileptiform discharges in the temporal lobe suggested a precise and localized epileptic focus [52] . Otherwise, extratemporal or multifocal onset of epilepsy may exist in the patients [16] .
In such a circumstance, invasive intracranial EEG recordings are required to localize the epileptic focus. However, evidence [2, 16] showed that with convincing scalp EEG findings, invasive electrodes were not essential in patients with normal MRI scan results and semiology suggestive of mesial TLE. Patients with welllocalized ictal scalp EEG signals were good candidates for surgery, and these patients tended to achieve better seizure control than patients who required invasive recordings. Our previous metaanalysis regarding tuberous sclerosis complex (TSC) [53] also showed that unilateral focality on interictal or ictal EEG was associated with a favorable postoperative seizure outcome, but the application of intracranial EEG monitoring did not improve the seizure-free rate among TSC patients who underwent surgery. Thus, previous studies and the results of this meta-analysis confirmed that well-localized scalp EEG signals may serve as a strong and reliable indicator of better seizure control after surgery in TLE patients exhibiting normal MRI results.
Intracranial EEG recordings are often used to further localize the epileptic focus when seizure focus localization is ambiguous and to assist with mapping the lateral cortical areas in TLE patients with normal MRI scans [9, 15] . Our analysis revealed no significant difference in the rate of seizure freedom after surgery between independent mesial and lateral TLE.
Wang et al. [34] found that focal cortical dysplasia (FCD) was the most common pathology identified in MRI-negative epilepsy tissue specimens. However, in our study of MRI-negative TLE, gliosis was the most common pathological finding. In the pooled analysis, no significant difference in seizure freedom was found between the positive and negative pathology groups, which is consistent with findings in a study about extratemporal non-lesional epilepsy [54] . Although we did not detect a difference in seizure outcome between the patients with normal and abnormal pathology in the present study, our results indicate that the specific pathology, such as FCD or hippocampal sclerosis, does not play a predominant role in predicting seizure freedom after surgery in patients with MRI-negative TLE. We postulate that MRI-negative cortical dysplasia may be more diffuse than MRI-positive FCD.
Our systematic search covered multiple research centers without specific restrictions, and the literature search, the study identification, the data extraction, and the allocation of NOS score were performed by two authors independently to enhance objectivity and reduce errors. All of the included studies were observational and were considered to contain a medium quality of evidence. Patient selection bias toward MRI-negative TLE is more likely in hospital-based samples. Several studies only included patients with MRI-negative mesial TLE [19] , TLE patients exhibiting MRI-negative and PET positive results [14] , patients without any histological abnormalities [8] or patients with MRI-negative neocortical TLE [17] . Moreover, the varied diagnostic test battery applied in different studies may have an impact on the precision to delineate the epileptogenic zone and hence influenced seizure outcome. Most of the included studies used PET, scalp EEG and invasive EEG (subdural EEG, depth EEG or stereotactic EEG). Two studies used ictal SPECT [12, 17] or electrical source imaging [12] to localize the focus. Both subgroups of comparison were from the same patient cohort, without controlling for usage of postoperative antiepileptic drugs, different surgery approaches or perioperative complications, which may influence the postoperative seizure outcome. Most studies included in this meta-analysis have a short postoperative interval duration to assess outcomes and longer observation period is desirable to assess the long-term effect of epilepsy surgery in MRI negative TLE. For seizure outcome evaluation, three different seizure outcome classifications were used among the included studies and International League Against Epilepsy classification level 1, Engel classification I and seizurefree as determined by the authors were all considered as seizure freedom in this meta-analysis. These factors contribute to shortcomings of this meta-analysis.
In addition, we did not apply a standard or minimal MRI tesla strength to define MRI-negative in the inclusion criteria and MRI negative was defined in some studies according to their institutional protocol [17] or the decision of multidisciplinary epilepsy surgery conference [15, 18] , without describing the criteria in detail. Because of such variability in imaging investigations/MRI protocols used, some patients included in this metaanalysis may not have been truly ''MRI negative''. Other major limitations of this meta-analysis pertain to the quality of the evidence obtained from the included studies. The predictors included in the analysis did not include all relevant factors, such as the surgical approach, the SPECT results and seizure semiology, in particular generalized motor seizures, because we did not collect sufficient data or use the appropriate inclusion criteria. No studies further analyzed the postoperative seizure outcome of late adult onset TLE, such after age 40, which could be important and significant, because late adult onset TLE may have different epileptogenic mechanism compared with the earlier onset TLE. Many studies in this analysis lacked important data, such as information concerning intracranial EEG monitoring, pathological findings, the location of the epileptic focus (lateral or mesial), the details of the surgical approach, and the indication. Finally, this meta-analysis was limited to a univariate analysis, and we typically combined all of the clinical factors before the surgery.
Conclusions
The conclusions of this systematic review of the literature and meta-analysis regarding epilepsy surgery in patients with MRInegative TLE are summarized as follows. 1. Epilepsy duration >20 years and a well-defined epileptic focus in a unilateral temporal lobe as identified by interictal or ictal EEG were significantly associated with a higher rate of seizure freedom. 2. PET localization and specific pathology did not predict seizure freedom after surgery in patients with MRI-negative TLE.
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